Marek's disease virus (GaHV-2) is an alphaherpesvirus that induces T-cell lymphoma in chickens. The infection includes both lytic and latent stages. GaHV-2 encodes three clusters of microRNAs (miRNAs) located in the internal (I)/terminal (T) repeat (R) regions. We characterized transcripts encompassing the mdv1-mir-M9-M4 and mir-M11-M1 clusters located in the IR L /TR L region, upstream and downstream from the meq oncogene, respectively. By 59-and 39-RACE-PCR and targeted RT-PCR, we showed that mdv1-mir-M9-M4 could be transcribed from an unspliced transcript or from at least 15 alternatively spliced transcripts covering the IR L /TR L region, encompassing the meq and vIL-8 genes and localizing the mdv1-mir-M9-M4 cluster to the first intron at the 59-end. However, all these transcripts, whether spliced or unspliced, seemed to start at the same transcriptional start site, their transcription being driven by a single promoter, prmiRM9M4. We demonstrated alternative promoter usage for the meq and vIL-8 genes, depending on the phase of GaHV-2 infection. During the latent phase, the prmiRM9M4 promoter drove transcription of the meq and vIL-8 genes and the mdv1-mir-M9-M4 cluster in the first intron of the corresponding transcripts. By contrast, during the lytic phase, this promoter drove the transcription only of the mdv1-mir-M9-M4 cluster to generate unspliced mRNA, the meq and vIL-8 genes being transcribed principally from their own promoters. Despite the expression of meq and the mdv1-mir-M9-M4 cluster under two different transcriptional processes during the latent and lytic phases, our data provide an explanation for meq expression and mdv1-mir-M4-5P overexpression in miRNA libraries from GaHV-2-infected cells, regardless of the phase of infection.
INTRODUCTION
Gallid herpesvirus 2 (GaHV-2 or MDV-1, for Marek's disease virus type one) is a lymphotropic alphaherpesvirus that causes malignant CD4 + T-cell lymphoma in chicken. The rapid onset of tumour development and high mortality rates of Marek's disease (MD) make it an ideal model for studies of the induction of lymphoma by a virus in its natural host . Like other herpesviruses, GaHV-2 has a two-phase life cycle, consisting of a lytic and a latent phase, the latter closely associated with the oncogenesis of GaHV-2. The lymphomagenesis induced by GaHV-2 seems to be complex and multifactorial and the precise molecular mechanisms of cell transformation remain unclear. Several gene products, such as Meq, vTR, vIL-8 and mdv1-mir-M4-5P, have been implicated in the process of oncogenesis (Lupiani et al., 2004; Parcells et al., 2001; Trapp et al., 2006; Zhao et al., 2011) .
As other mardiviruses and simplexviruses, GaHV-2 has a type E genome consisting of one unique long (U L ) and one unique short (U S ) region, encompassing core genes and flanked by the inverted internal and terminal repeats of the long regions (IR L /TR L ) and short regions (IR S /TR S ), respectively (Tulman et al., 2000) . The herpesvirus genusspecific genes, particularly those implicated in pathogenesis in the specific host, are located principally in the TR L /IR L and IR S /TR S regions.
Several of the proteins encoded by the 30 predicted ORFs in the IR L /TR L regions have been characterized: (i) the product of meq the major oncogene (Jones et al., 1992; Levy et al., 2003; Liu & Kung, 2000; Liu et al., 1998) , (ii) vIL-8, a viral protein analogous to chicken IL-8 (Liu et al., 1999; Parcells et al., 2001; Peng et al., 1995) , (iii) the proteins of the 14 kDa family, including 14 kDA, B and C (Bradley et al., 1989; Hong et al., 1995) , (iv) the products of R-LORF5a and R-LORF4 (Jarosinski et al., 2005; Ohashi et al., 1994) . meq, the most studied gene, is strongly expressed in lymphoblastoid cells and lymphomas (DebbaPavard et al., 2008; Liu et al., 1998; Ross et al., 1997) and, to a lesser extent, in cells in the lytic phase of infection (Jones et al., 1992) . The 339 aa Meq, a bZIP protein from the Fos/Jun oncoprotein family, can form homodimers and heterodimers with other proteins from this family (Levy et al., 2003) . The Meq protein is translated from an unspliced transcript, apparently initiated from position 134 703 in the genome of GaHV-2-Md5 (Jones et al., 1992) . However, another isoform of Meq has been described: the product of translation from an alternative transcript (Meq-DC-BamL) corresponding to the first 297 nt of the meq ORF and exons 2 and 3 of vIL-8 (Parcells et al., 2001; Peng & Shirazi, 1996) . Other splicing events have also been described between meq, R-LORF5a, R-LORF4 and v-IL8 (Jarosinski & Schat, 2007) , consistent with the occurrence of complex alternative splicing in this region of the genome.
The IR L /TR L encodes RNAs that are not translated into proteins: the vTR homologue of the RNA template of the telomerase reverse transcriptase, which has been implicated in lymphomagenesis (Fragnet et al., 2003; Kaufer et al., 2010; Trapp et al., 2006) and the two clusters of microRNAs (miRNAs), mdv1-mir-M9-M4 and mdv1-mir-M11-M1, the first of these clusters including mdv1-mir-M2 to M5, M9 and M12, and the second including mdv1-mir-M1, M11 and M31 (Burnside et al., 2006 (Burnside et al., , 2008 Morgan et al., 2008; Yao et al., 2008) . No promoter or no specific transcript has been identified for these two clusters, which are located on either side of meq in IR L /TR L . With the exception of a few cellular or viral miRNAs transcribed by RNA polymerase III (Borchert et al., 2006; Pfeffer et al., 2005; Reese et al., 2010) , miRNAs are generally transcribed by RNA polymerase II . Half the miRNAs in vertebrates are transcribed under the control of their own promoter and half are located within the introns of various genes (Davis & Hata, 2009) . However, as 35 % of the intronic miRNAs have their own promoter (Monteys et al., 2010) , about 70 % of miRNAs are actually transcribed independently. Several promoters have been identified in the IR L /TR L region: (i) the 14 kDA promoter, which is bidirectional and overlaps the origin of replication, appears to be dependent on three viral transactivators, Meq and pp38/pp24 heterodimers (Ding et al., 2006; Levy et al., 2003) , (ii) the vTR promoter, which is dependent on c-Myc transactivation (Shkreli et al., 2007) , (iii) the specific meq promoter, prMeq, which is located just upstream from the meq gene and is regulated by Meq/Meq homodimers or Meq/c-Jun heterodimers (Levy et al., 2003) and (iv) the 14 kDB and vIL-8 promoters (Parcells et al., 2001; TahiriAlaoui et al., 2009) , neither of which has been shown to be involved in the expression of the two miRNA clusters.
In this study, we identified numerous transcripts resulting from complex splicing of transcripts from the IR L /TR L region, which contains the mdv1-mir-M9-M4 and mdv1-mir-M11-M1 clusters, located upstream and downstream from the meq gene, respectively. RT-PCR, rapid amplification of cDNA ends (RACE)-PCR and semi-quantitative RT-PCR on latently or productively infected cells showed that the prmiRM9M4 promoter, corresponding to the 1300 bp immediately upstream from mdv1-mir-M9, drove the transcription of both miRNA clusters during the latent phase and the transcription of mdv1-mir-M9-M4 cluster during the lytic phase. Both clusters were transcribed, under the control of this promoter, as introns and exons during the latent phase, whereas the mdv1-mir-M9-M4 cluster was essentially transcribed as an unspliced capped and polyadenylated mRNA during the lytic phase. Similarly, we observed a shift in promoter usage between the latent and lytic phases for meq and vIL-8, which were transcribed as spliced transcripts under the control of prmiRM9M4 during latency, but under the control of two specific promoters located just upstream from these genes during the lytic phase.
RESULTS
The mdv1-mir-M9-M4 cluster is transcribed as an unspliced mRNA
We identified the ends of a potential transcript encompassing the mdv1-mir-M9-M4 cluster by carrying out two RACE-PCRs on total RNA extracted from MSB-1 cells. The 59-RACE and the 39-RACE reactions were performed with the M775 and M421 primers, which bind to mdv1-mir-M5 and downstream from mdv1-mir-M3, respectively (Fig.  1a) . A single amplification product, approximately 500 bp in length, was obtained in both reactions. It was inserted into the pGEM-T easy vector, and 102 and 19 clones were sequenced for the 59-and 39-RACE-PCR, respectively. All 102 identified transcriptional start sites (TSS) mapped to a 69 bp region (133 049-133 118 of GaHV-2-Md5 genome; GenBank accession no. AF243438), with one major TSS located at position 133 117, corresponding to 76 % of the sequenced TSSs (Fig. 1b) (Fig.  1c) . The nucleotide sequence upstream from these poly(A) tails contained two potential poly(A) signals (134 640-AAUAAA-134 645 and 134 658-UAUAAA-134 663). The distance between the poly(A) signal and the corresponding poly(A) tail is usually about 20 nt. Thus, both poly(A) signals appeared to be functional, with the 134 640-AAUAAA-134 645 sequence (90 % of the transcripts ending 14 and 22 nt downstream), which more closely resembles the consensus signal, being preferred over 134 658-UAUAAA-134 663 (Fig. 1c) .
Finally, RT-PCR with the M849 and A376 primers, amplifying a fragment beginning at the major TSS (133 117) and containing the major poly(A) signal (Table S1 , available in JGV Online), generated a 1539 bp amplification product, the sequencing of which confirmed the generation of an unspliced transcript encompassing the mdv1-mir-M9-M4 cluster (Fig. 1a) .
Transcription of the mdv1-mir-M9-M4 cluster is controlled by a specific promoter, prmiRM9M4
Following the identification of the cluster mdv1-mir-M9-M4 transcript, we constructed pGLprmiRM9M4 by inserting the 1615 bp region, extending from the end of the 14 kDC gene and mdv1-mir-M5 (Fig. 2a) -132 013-133 626 in the GaHV-2-Md5 genome -upstream from the luc reporter gene in the promoter-less luciferase reporter plasmid pGL3basic. We checked that the transfection of MSB-1 cells with pGLprmiRM9M4 resulted in robust luciferase reporter activity. We then used a set of nested constructs to define an efficient core promoter. Five PCR products, corresponding to nested deletions of the 59-end of prmiRM9M4 -Trq-1 (1321 bp), Trq-2 (1002 bp), Trq-3 (860 bp), Trq-4 (724 bp) and Trq-5 (240 bp) -were amplified from pGLprmiRM9M4 with appropriate forward primers and the reverse primer p-mir-M9-M4-R (Table  S1 ). These products were inserted into the pGL3basic Transcription of the cluster mdv1-mir-M9-M4
vector. Luciferase activity was measured in MSB-1 cells transfected with the resulting nested constructs, the initial pGLprmiRM9M4 construct or the pGL3basic vector, as a negative control. Only Trq-1 (95 %) gave transcription levels similar to those for prmiRM9M4 (Fig. 2b) . Transfection with the 59-truncated nested constructs Trq-2, -3, -4 and -5 gave significantly lower levels of luciferase activity (72, 45, 45 and 5 %, respectively). As expected, Trq-5 constructs without the major TSS yielded very low levels of transcription (5 %). The transcriptional activity of the complete prmiRM9M4 sequence was therefore dependent principally on the sequence present in the Trq-1 construct (Fig. 2b) .
Identification of complex alternative transcripts initiating from the prmiRM9M4 promoter
Previous studies have reported the production of alternative transcripts through the use of different TSS for the vIL-8 gene and alternative splicing for meq and vIL-8 (Jarosinski & Schat, 2007) . We therefore carried out targeted RT-PCR to determine whether the prmiRM9M4 promoter allowed the initiation of mRNAs other than the specific miRNA cluster transcript. Four RT-PCRs were carried out on mRNA extracted from MSB-1 cells, with the same forward primer (M849) binding to the major TSS and four reverse primers, M419, M420, M825 and M04, binding downstream from the poly(A) signal of mdv1-mir-M9-M4, in meq promoter (prMeq), in the 59 region of meq, downstream from mdv1-mir-M1 in R-LORF5a and in exon 2 of vIL-8, respectively (Table S1 ). Each RT-PCR product was inserted directly into pGEM-T to generate clust/prMeq, clust/Meq, clust/R-LORF5a and clust/vIL-8 libraries (Fig. 3 ). The inserts of about 25 randomly selected clones from each of the four libraries were sequenced.
When the reverse primers associated with the forward primer M849 bound downstream from the poly(A) site of the specific mdv1-mir-M9-M4 cluster transcript, the mdv1-mir-M9-M4 cluster was systematically localized to an intron (Fig. 3) , which resulted from the use of a unique splicing donor site (D1) and different splicing acceptor sites (A1-A4 and A6-A8; Tables S2, S3 ). In addition, all of the alternative transcripts of the clust/prMeq library contained only one type of transcript, which was 198 nt long and resulted from D1 to A1 splicing of the intron, whereas several different types of transcript were observed in the other three libraries (Fig. 3a) .
Four different types of alternative transcript were detected in the clust/Meq library (Fig. 3b) . The least frequent alternative transcripts in this library (2 %) resulted from the splicing of two introns, the D1-A1 intron splicing described for the previous library, and a second very short intron, D2-A4 (Tables S2, S3 ). The other three alternative transcripts resulted from intron splicing involving three enclosed acceptor sites, A2, A3 and A4 (Table S3 ). The A2 acceptor site was rarely used (2 %) whereas the two major transcripts, clust/Meq-C (20 %) and clust/Meq-D (76 %), corresponded to splicing of the introns limited by the D1 and A3/A4 sites, respectively.
The third library (clust/R-LORF5a) contained at least seven types of alternative transcripts (Fig. 3c) . The clust/R-LORF5a-A transcript, harbouring a D1-A4 intron and including complete meq and R-LORF5a genes was clearly compatible with translation to generate the native Meq protein. The next four most frequent alternative transcripts (clust/R-LORF5a-B to -E) combined D1-A3 or D1-A4 splicing of the first intron with a preference for the A4 acceptor site. The two major transcripts were clust/R-LORF5a-B (18 %) and clust/RLORF5a-C (36 %), which harboured a second intron spliced between D3 and A5 that has been reported elsewhere (Jarosinski & Schat, 2007) (Tables S2, S3 ). This previous study showed that both transcripts encode putative Meq protein isoforms in which the first 99 aa are fused to 11 new aa. The two minor transcripts, clust/R-LORF5a-D (9 %) and -E (5 %), were similar, but had a longer second intron limited by D3-A6 rather than D3-A5 (Fig. 3c ). Both these transcripts contained the second exon in meq described above and could Transcription of the cluster mdv1-mir-M9-M4 therefore lead to the production of an isoform of Meq corresponding to the first 99 aa followed by three new aa. The two remaining alternative transcripts in the clust/R-LORF5a library were infrequent: clust/R-LORF5a-F (5 %) and clust/RLORF5a-G (9 %). They resulted from the splicing of a large intron (about 3.5 kb) limited by the D1 and A6 or A7 sites ( Fig. 3c ; Table S3 ). The use of the A7 acceptor site for the clust/R-LORF5a-G transcript eliminated the start codon for R-LORF5a. Whereas in all the transcripts from the clust/RLORF5a library, the entire mdv1-mir-M9-M4 cluster was intronic, the three miRNAs of the mdv1-mir-M11-M1 cluster were not all included in the same exon or intron, instead being split between introns and exons (Fig. 3c) .
In the fourth library (clust/vIL-8), the clust/vIL-8-A (10 %) and -B (62 %) transcripts resulted from the splicing of two introns, the first intron D1-A3 or D1-A4, with a preference for the A4 acceptor site, and a second larger intron, D3-A8 (Fig. 3d) . The last alternative transcript, clust/vIL-8-C (28 %), resulted from the splicing of a 5125 bp intron between the D1 and A8 sites (Table S3 ). With the exception of the previously described isoform of vIL-8 corresponding to the A3-D3 or A4-D3 exons, encoding the Meq-vIL-8 fusion protein (Parcells et al., 2001; Peng et al., 1995) , no putative coding sequence was identified. Finally, in these three transcript types, all the miRNAs were intronic, mostly split between two separate introns (82 %), but in 28 % of the sequenced clones (clust/cIL-8-C) they were located in a single very large intron (Fig. 3d) .
We investigated whether the transcripts obtained by PCR with the M849 primer binding downstream from the TSS were effectively transcribed from the prmiRM9M4 promoter, by carrying out 59-RACE-PCR with the A15 primer, which binds just downstream from the A4 acceptor site, with total RNA extracted from MSB-1 cells (Fig. 3e) . The total product of the nested PCR was inserted into pGEM-T and 30 clones were sequenced. All the cDNAs initiated from the promoter and displayed the same initiation profile as obtained with the M775 primer (Fig. 1b) . Moreover, the percentage (96 %) splicing of the first intron involving the A3/A4 acceptor site was consistent with the data obtained by RT-PCR ( Fig. 3c  and d) . Surprisingly, initiation from the meq promoter (prMeq), as reported in RP1 cells (Jones et al., 1992) was not observed in MSB-1 cells.
vIL-8 is transcribed under the control of the prmiRM9M4 promoter during latency
The clust/vIL-8-A and B splicing events (Fig. 3d) probably corresponded to the previously observed extension of the 59-region of Meq-sp or Meq-vIL-8 (GenBank accession no. U34966) (Peng et al., 1995) . We evaluated the roles of the prmiRM9M4 and prvIL-8 promoters in transcription of the vIL-8 gene during the latent and lytic phases, by generating two libraries of 59-RACE-PCR fragments amplified with primer M04, binding within the second exon of vIL-8, from RNA extracted from MSB1 cells and GaHV-2 RB1-Binfected chicken embryo fibroblasts (CEF) (Fig. 4 and Table  S1 ). Each RACE-PCR product was inserted directly into pGEM-T and at least 40 clones were sequenced from each of the two libraries.
In MSB-1 cells, 78 % of the sequenced transcripts were initiated from the prmiRM9M4 promoter, with an initiation profile identical to that for primer M775, and with a similar proportion of alternative transcripts containing the meq exon. The remaining clones (22 %) were initiated from the vIL-8 promoter (prvIL-8) at TSS-138 049, as previously reported (Parcells et al., 2001) . By contrast, in RB-1B-infected CEF, only 4 % of clones were initiated from the prmiRM9M4 promoter, the other 96 % being initiated in the vIL-8 region (Fig. 4) , 62 % at the classical TSS-138 049, 12 % in vIL-8 exon 1, half of these at position 138 094 and the other half at position 138 111, and 22 % at the start of vIL-8 exon 2, in position 138 306 (Fig. 4) . Despite the use of prvIL-8 essentially used for the transcription of vIL-8 during the lytic phase, a third of the alternative transcripts generated by alternative TSS usage encoded putative shortened isoforms of vIL-8.
The mdv1-mir-M9-M4 cluster and the meq gene are transcribed by different mechanisms in the latent and lytic phases
We investigated the roles of the prmiRM9M4 and prMeq promoters in transcription of the mdv1-mir-M9-M4 cluster and the meq gene during the latent and lytic phases, by carrying out four semi-quantitative RT-PCRs on total RNA extracted from MSB-1 cells, latently infected or treated with n-butyrate, from 54-O cells established from RB-1B-induced lymphoma (Muylkens et al., 2010) or from RB-1B-infected CEF (Fig. 5a ): (i) with primers M849 and A522 for specific amplification of the mRNA of the mdv1-mir-M9-M4 cluster, (ii) with primers M849 and A521, for the specific amplification of meq transcripts initiated from prmiRM9M4, the resulting transcript also containing an intronic cluster (mdv1-mir-M9-M4), (iii) with primers A523 and A524 binding on either side of the D3 splicing site, for specific amplification of the unspliced meq mRNA, initiated from both prmiRM9M4 and prMeq, (iv) with primers A545 (binding between the D2 and A4 sites) and A521, for specific amplification of meq transcripts initiated from the prMeq promoter. The intensity of each band on electrophoretic gels was standardized with respect to the band corresponding to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) amplified with the GAPDH-F and GAPDH-R primers (Fig. 5b) . Finally, all the standardized values were normalized by dividing by the value obtained for the unspliced meq transcript initiated from prmiRM9M4 and prMeq (Fig. 5b) .
In MSB-1 and 54-O cells, in which GaHV-2 is essentially latent, most of the meq transcripts were initiated from prmiRM9M4 (Fig. 5b, lanes 3 and 8) , with prMeq appearing only weakly functional (Fig. 5b , lanes 5 and 10). As the mdv1-mir-M9-M4 cluster is always transcribed under the control of prmiRM9M4, it was included in the first intron D1-A3/A4 during latency, whereas it was independently transcribed during viral replication in CEF or after treatment with n-butyrate in MSB-1 cells (Fig. 5b , lanes 12 and 17). As for vIL-8, alternative promoter usage during the latent and lytic phases was observed for the meq gene: it was under the control of its own promoter during the lytic phase (Fig. 5b, lanes 15 and 20) and under the control of prmiRM9M4 during latency (Fig. 5b, lanes 3 , 5, 8 and 10). We used two other primer groups, binding further upstream and downstream, to confirm these results: similar data were obtained (data not shown). In conclusion, the mdv1-mir-M9-M4 cluster was expressed principally as an intronic form of the meq transcript initiated from prmiRM9M4 during latency, but as an unspliced mRNA initiated from its own promoter (the meq gene also being transcribed independently from its own promoter) during viral replication.
DISCUSSION
In 2006, when the mdv1-mir-M9-M4 cluster was first identified, it was mapped upstream from meq. Despite additional descriptions of its expression in GaHV-2 cell lines or tumours (Burnside et al., 2006 (Burnside et al., , 2008 Morgan et al., 2008; Yao et al., 2008) , no transcript encoding the mdv1-mir-M9-M4 cluster has yet been characterized. 59-and 39-RACE assays on MSB-1 cells identified a major TSS and a poly(A) tail corresponding to a 1539 bp unspliced specific transcript encompassing the entire mdv1-mir-M9-M4 cluster, which was readily amplified by RT-PCR. We investigated whether the production of this primary mdv1-mir-M9-M4 transcript was driven by its own specific promoter. We showed that a 1615 bp upstream sequence, between the end of the 14 kDC gene and mdv1-mir-M5-5P was transcriptionally active in luciferase assays, and with nested constructs covering the prmiRM9M4 promoter, that the 1319 bp Trq-1 promoter was the shortest promoter with full activity. Further investigations are required to determine which response elements are involved in functional transcription. However, the three AP1 sites potentially involved in Meq/Jun heterodimer binding and recently shown to be functional in ChiP assays (Brown et al., 2012) were present in this shortened promoter. This newly defined promoter in the IR L /TR L region of GaHV-2 also corresponds exactly to the chromatin region shown to be active by both histone modifications associated with activation and an absence of DNA methylation during GaHV-2 latency (Brown et al., 2012) , confirming its intense transcriptional activity.
The use of alternative promoters in different phases of infection is a common feature of herpesviruses (Cai & Cullen, 2006; Jurak et al., 2010) . In our specific model shown in Fig. 6 , prmiRM9M4 drives transcription of both the meq and vIL-8 genes during latency, resulting in the presence of the entire mdv1-mir-M9-M4 cluster in the first intron of the various transcripts, whereas it drives expression of the mdv1-mir-M9-M4 cluster mostly as a specific unspliced mRNA during the lytic phase, with the meq and vIL-8 genes being transcribed under the control of their own promoters, as described previously (Jones et al., 1992; Parcells et al., 2001 ). All our vIL-8 transcripts initiated from the prmiRM9M4 promoter or the vIL-8 promoter. No splicing events involving R-LORF4 were detected, suggesting the probable use of another promoter
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to generate splicing variants encoding R-LORF4 (Jarosinski et al., 2003 (Jarosinski et al., , 2005 . The low level of vIL-8 promoter use in MSB-1 cells is consistent with the weak transcription activity of the corresponding chromatin region in different GaHV-2 cell lines, contrasting with the strong transcription activity of the region encompassing the prmiRM9M4 promoter (Brown et al., 2012) . Our data are also consistent with the large increase in vIL-8 transcript levels detected on Northern blots following treatment with n-butyrate (Parcells et al., 2001) . In contrast to this previous study which could not distinguish both types of alternative vIL-8 transcript of similar size on Northern blots, our study clearly identified transcripts initiated from the vIL-8 promoter and alternative transcripts, including clust/vIL-8-A and B, initiated from prmiRM9M4 and probably corresponding to Meq-DC-BamL (Parcells et al., 2001) . This alternative transcript, containing a 59-Meq exon and vIL-8 exons 2 and 3, encodes a Meq-sp/Meq-vIL-8 protein The ratios of different RT-PCR products was determined by comparing the relative peak area for each amplification with that for the meq transcript initiated from both prmiRM9M4 and prMeq promoters, amplified with primers A523 and A524, set at 1. MW, Molecular mass marker (SmartLadder SF; Eurogentec).
described in previous studies (Anobile et al., 2006; Jarosinski & Schat, 2007; Peng et al., 1995) , possibly competing with Meq in latency control. As the use of alternative promoters does not modify the resulting Meq protein, the two forms of vIL-8 protein, functional or Meqsp/Meq-vIL-8 are potentially generated by translation from transcripts initiated from the prvIL-8 and prmirM9M4, respectively. This identification of Meq transcripts potentially encoding a functional Meq protein in both the latent and lytic phases, unlike the Meq-sp/Meq-vIL-8 and vIL-8 transcripts potentially encoding a functional vIL-8 protein detected exclusively during latency or mostly during the lytic phase, respectively, seems to be consistent with the specific roles of these products. Indeed, Meq has important functions in both phases (Deng et al., 2010; Levy et al., 2003) , whereas our results confirm the importance of vIL-8 expression requiring vIL-8 exon I, as a true late gene, during the lytic phase Jarosinski & Schat, 2007) . We found that the use of several promoters in the IR L /TR L region led to the expression of mature products of different natures in different phases of viral infection.
The use of alternative promoters, resulting in the production of different viral miRNAs during latent and lytic infections, has been described in various models (Cai & Cullen, 2006; Jurak et al., 2010) . However, as shown in our model of transcription of GaHV-2 IR L /TR L region (Fig. 6) , expression of the mdv1-miR-M9-M4 cluster is dependent on a unique single promoter, prmiRM9M4, which generates the primiRNA encompassing the entire mdv1-mir-M9-M4 cluster expressed from unspliced transcript or the first intron of alternatively spliced transcripts, as a function of the phase of infection. These data may account for the overexpression of mdv1-mir-M4-5P, during both latent and lytic infections in the various miRNA libraries ( 
METHODS
Viruses and cell lines. The MSB-1 and 54-O cell lines are derived from lymphomas induced by BC1 or RB-1B strains of GaHV-2, respectively (Akiyama et al., 1973; Muylkens et al., 2010) . Lytic infection in MSB-1 cells (verified by expression of VP5) was induced by treatment with 3 mM n-butyrate (Parcells et al., 2001) . They were grown at 40 uC, under an atmosphere containing 5 % CO 2 , in RPMI 1640 medium supplemented with 10 % FCS and 5 % chicken serum. CEF prepared from 10-day-old White Leghorn B 13 /B 13 chicken embryos raised at INRA (PFIE, 37380 Nouzilly, France) were used for propagation of the RB-1B virus strain (Schat & Purchase, 1998) . Peripheral blood leukocytes (PBL) collected from a B 13 /B 13 chicken 42 days after infection with RB-1B virus and stored at 2196 uC, were used to infect secondary CEF. After three successive rounds of infection of secondary CEF monolayer cultures with cell-associated RB-1B virus seed in a 3 : 1 ratio, RNA was extracted for cDNA library construction.
Building of IR L /TR L cDNA libraries. Total RNA was extracted from GaHV-2-infected cells, in Trizol reagent (Invitrogen). The mRNAs were reverse transcribed with a mixture of oligo(dT) and random primers (50 pmol each; Eurogentec) and SuperScript III reverse transcriptase (Invitrogen). The resulting cDNAs were amplified by PCR [25 cycles of denaturation (94 uC for 45 s), annealing (55 uC for 45 s) and extension (72 uC for 1 min)] in a final volume of 50 ml containing 0.625 U GoTaq Polymerase (Promega), 2.5 mM MgCl 2 and 0.1 mM of each primer, in the reaction buffer provided by the manufacturer. All the PCR products were inserted into pGEM-T easy vector (Promega). All the clones were sequenced by GATC (Germany) and the corresponding sequences were aligned with the GaHV-2-Md5 genome sequence.
5 §-and 3 §-RACE analysis. Total RNA was isolated from GaHV-2-infected cells, with the Trizol extraction kit (Invitrogen), and RACE was carried out with the GeneRacer kit (Invitrogen), according to the manufacturer's instructions. All the products of both 39-and 59-RACE were inserted into pGEM-T easy (Promega) and the corresponding sequences were determined by GATC (Germany).
Semi-quantitative RT-PCR. Transcripts for the mdv1-mir-M9-M4 cluster and the meq gene were quantified by semi-quantitative RT-PCR. Transcription of the cluster mdv1-mir-M9-M4 RNA extraction, reverse transcription and PCR were carried out as described previously, to construct IR L /TR L cDNA libraries. We normalized each PCR on the basis of the expression of a housekeeping gene (GAPDH), by adding both the primers for specific amplification (Table S1 , Fig. 5 ) and the GAPDH-F and -R primers (100 mM of each; Table S1 ) systematically to each PCR mixture.
pGLprmiRM9M4 and derived constructs. The putative promoter of the GaHV-2 miRNA cluster mdv1-mir-M9-M4, from nt 132 013-133 627 of the reference Md5 genome (GenBank accession no. AF243438), covering the region between 14 kDC and mdv1-mir-M5-5P, was amplified by PCR with the p-miR-M9-M4-F and p-miR-M9-M4-R primers (Table S1 ) from pBMG3, a plasmid carrying a 5124 bp BamHI-I2 fragment of our GaHV-2-RB-1B genomic BamHI library. It was inserted downstream from the luc gene in the pGL3basic vector (Promega), to obtain the initial pGLprmiRM9M4 construct. The primers used to generate the various truncations of the 59-and 39-regions of prmiRM9M4 are listed in Table S1 . Plasmid DNA was purified with the Nucleobond Xtra midi kit (Macherey Nagel), and the inserts of all constructs were completely sequenced by MWG (Germany).
Dual luciferase reporter assays. We used the pGL3basic expression vector (Promega) to test the strength of promoters inserted upstream from the firefly luciferase gene. The pRL-TK vector (Promega) carrying the Renilla luciferase gene under the control of the thymidine kinase promoter of human herpes virus 1 was used for co-transfection, as a transfection efficiency control. A suspension of 2610 6 MSB-1 T-cells in Nucleofactor solution T (Amaxa Biosystems) was co-transfected, by electroporation, with Nucleofactor program X-001. Luciferase activity was quantified in the dual-luciferase reporter assay (Promega), according to the manufacturer's protocol. Firefly and Renilla luciferase activities were measured consecutively, 24 h after transfection. Luminescence was measured with a luminometer (Mithras LB940 luminometer; Berthold Technologies). Three independent experiments were carried out in triplicate.
